I. INTRODUCTION
Increasing research interest has been cast on Si-based electric-photonic integrated circuit (EPIC) as a promising candidate for next generation microelectronics technology to maintain the performance road map known as Moore's Law [1] . Being an important building block, Ge-on-Si detector is the best choice for photodetection (1.3-1.55µm). For Ge epitaxy on Si, in spite of 4.2% lattice mismatch between Ge and Si, high quality Ge growth on Si has been demonstrated [1] [2] [3] [4] [5] [6] . Taking advantage of selective-epitaxy growth in small area, we have developed a modified two-step Ge epitaxy procedure with dislocation density in Ge film as low as 6× 10 6 cm -2 without subsequent annealing [7] . In terms of detector geometry, waveguided structure is preferable due to its compatibility with other in-plane optical devices and ability to achieve high absorption efficiency and high speed at the same time [1] . In this work, we report on our recent results of evanescent-coupled waveguided lateral Ge PIN photodetectors (LPD) and its comparative analysis with vertical Ge p-Si/i-Ge/n-Ge PIN (VPD).
II. EXPERIMENTAL The process started on 8" (100) SOI with 180-nm-thick top p-type Si (~8-15Ωcm) on 1µm buried oxide. Si-waveguide and detector regions were defined by lithography and RIE. For VPD, detector region was implanted with BF 2 1×10 15 
cm
-2 /15keV to form p+ region. After PECVD oxide ~150nm deposition on all samples, 4.4-µm-wide 80-µm-long square oxide windows were patterned and dry/wet etched until the underneath Si was exposed for Ge epitaxy. Then ultra-thin Si seed, Si 0.8 Ge 0.2 buffer, low-temperature Ge seed, and high-temperature strain-relaxed Ge were sequentially deposited in a UHVCVD chamber [4] . The samples were implanted with BF 2 or As using the same condition (dose 1×10 , energy 15keV) and thermally activated at 600°C for 10s to form p+/n+ region for LPD (i-region ~2.6µm) and n+ region for VPD. Finally, after passivation oxide deposition and contact open, TaN (25nm) and Al (0.75µm) were deposited and patterned. Fig.1 lists the simplified process flow of the devices. Fig. 2(a) illustrates the schematic of lateral and vertical PIN configurations. A TEM image of the SEG-Ge on Si is shown in Fig. 2(b) . AFM measurement on Ge epitaxy (10µm×10µm) shows smooth surface with RMS of only 0.378nm (Fig. 3) . Fig. 4 shows the typical temperature-dependant I-V curves of both devices. At room temperature, low leakage current at -1V bias of 0.44µA for VPD and 0.74µA for LPD are achieved, which are both below the 1µA limit for high speed receiver application [8] . To study the dark current mechanism, using the temperature-dependent IV, each type of device was fitted to more than one mechanism including band-to-band generation [8] , Shockley-Hall-Read (SHR) effect [8] and Poole-Frenkel process [9] [10] [11] [12] [13] . The I-V-temperature behavior of LPD only fits Poole-Frenkel effect which describes the attenuation of the Coulombic potential barrier under the influence of electric field. From the field dependency of the I dark shown in Fig. 4(a) inset, it can be observed that I dark in the LPD can be very well described by the modified Poole-Frenkel effect with a field power exponent of 0.68 [13] . On the other hand, the dark current mechanism of VPD is determined to be trap-assisted generation in the depletion region, the so-called SHR process as verified by good linearity of ln(I/T 3/2 ) vs. 1/kT in the inset of Fig. 4(b) . Fig.5 shows the responsivity and corresponding quantum efficiency for the LPD and VPD corrected for the waveguide-fiber coupling losses and waveguide propagation loss. The responsivity was extracted in a method similar to [6] . For VPD, responsivity reaches its maximum of 0.29A/W at low reverse bias of 0.5V while responsivity of LPD reaches as high as 1.16A/W which corresponds to more-than 90% quantum efficiency at -5V. Both types of detectors exhibit reasonably high responsivity, suggesting low defects in the bulk and surface of the Ge layer. The simulated optical mode in LPD ( Fig. 6(a) ) and VPD ( Fig. 6(b) ) shows larger overlap between the optical mode and the highly-doped region in Ge layer in VPD. It is known that the light absorbed beyond the diffusion length in Ge n+ region does not contribute to detection, since the photo-generated carriers recombine before reaching the electrodes to contribute as photocurrent. As a result, larger optical overlap in VPD is believed to be the main reason for the lower efficiency of VPD. Another possible reason is the defects in the Ge/Si interface which acts as recombination centers and consumes a portion of photo-generated electron/hole [14] . Fig.7 and 8 show the detectors' pulse response and the Fast-Fourier-Transformed (FFT) 3dB bandwidth versus reverse bias. The temporal response was measured using 1.55µm pulsed laser with 80fs pulse width, high frequency microwave probes and 15GHz sampling oscilloscope. The 3-dB bandwidth is 2.8 (LPD) and 4.4GHz (VPD) at -1V bias, and 3.4 (LPD) and 5.5GHz (VPD) at -5V. The speed is limited by external parasitic effects of large parasitic capacitance (~500fF) from large probe pad and large inductance/series-resistance from the narrow metal lines (~4µm) connecting the devices and the probe pads. Future de-embedding is expected to eliminate the external impacts and thus reveals the intrinsic speed of the detectors. Table 1 benchmarks current results with previously reported. It can be observed that our evanescent-coupled LPD matches to one of the best performance Ge detectors reported.
III. RESULTS AND DISCUSSION
IV. CONCLUSION We demonstrate lateral Ge PIN with comparison to the vertical p-Si/i-Ge/n-Ge PIN photodetectors, both monolithically integrated with Si-waveguides on a SOI platform, achieving high responsivity of 1.16A/W at 1550nm with f 3dB bandwidth of 3.4GHz for lateral Ge PIN detector and 0.29A/W / 5.5GHz for vertical p-Si/i-Ge/n-Ge PIN. Due to smaller optical mode overlap with highly-doped Ge region, LPD is able to achieve efficiency as high as 90% together with low dark current and high response speed. •Dopant activation •Passivation oxide deposition and metallization
